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Cryptosporidium parvum represents a challenge to the water industry and a threat to public health. In this
study, we developed a cell culture-quantitative PCR assay to evaluate the inactivation of C. parvum with dis-
infectants. The assay was validated by using a range of disinfectants in common use in the water industry,
including low-pressure UV light (LP-UV), ozone, mixed oxidants (MIOX), and chlorine. The assay was dem-
onstrated to be reliable and sensitive, with a lower detection limit of a single infectious oocyst. Effective oocyst
inactivation was achieved (>2 log10 units) with LP-UV (20 mJ/cm2) or 2 mg of ozone/liter (for 10 min). MIOX
and chlorine treatments of oocysts resulted in minimal effective disinfection, with <0.1 log10 unit being inac-
tivated. These results demonstrate the inability of MIOX to inactivate Cryptosporidium. The assay is a valuable
tool for the evaluation of disinfection systems for drinking water and recycled water.

Cryptosporidium is recognized as a frequent cause of water-
borne disease in humans (3). The disease has been docu-
mented worldwide, with speculation that many undiagnosed
cases of gastroenteritis may have been caused by this parasite
(21, 38). Two means of transmission have been shown to be
contaminated drinking water in distribution systems (25, 28)
and swimming pools (17). Cryptosporidium oocysts are resistant
to standard chlorine-based disinfection procedures that are a
key barrier in the transmission of other waterborne pathogens
in potable water. Although some water treatment processes
remove oocysts, any oocysts that break through represent a
potential threat to human health due to their relative chlorine
resistance. Various methods of disinfection have been investi-
gated by a number of research groups; these methods include
UV light (4, 10, 11, 13, 14, 23, 35), ozone (5, 18, 22, 29),
chlorine dioxide (8, 12, 22, 30, 34), mixed oxidants (MIOX) (6,
40), and chlorine (7, 22, 17). Many disinfection studies have
used animal infectivity or surrogate in vitro assays to determine
the viability of oocysts after disinfection. Animal bioassays are
considered the “gold standard” for assessing Cryptosporidium
oocyst infectivity, and the neonatal mouse model has been
used extensively in the assessment of oocyst disinfection. How-
ever, this model has limited applications for the assessment of
waterborne oocysts because type 1 (human) Cryptosporidium
parvum cannot infect mice. The human genotype can be cul-
tured in gnotobiotic pigs (41), and this model has been used to
assess drug efficacy (37).

Significant developments in determining oocyst infectivity
have included cell culture (CC) assays for type 1 oocysts (20)
and for type 2 oocysts (14, 15, 20, 31, 36, 39). These methods
have used culturing of oocysts in HCT-8 (human ileocecal
adenocarcinoma) cells. Evaluation of these methods has shown

the CC assay with the HCT-8 cell line to be equivalent to the
gold standard neonatal mouse infectivity assay (32, 35). Shim
et al. (35) demonstrated that CC assays provide a level of
sensitivity similar to that of mouse bioassays when low-pres-
sure UV light (LP-UV) is used for the disinfection of C. par-
vum. Rochelle et al. (32) compared a range of cell lines with
the CD-1 mouse bioassay for determining dose response and
50% infective dose. The correlation between infectivity in
CD-1 mice and three CC models demonstrated that HCT-8
cells had infectivity measurements matching those in CD-1
mice for untreated oocysts (r � 0.85, n � 25) and for oocysts
exposed to ozone and UV light (r � 0.85, n � 25). These
results demonstrated that in vitro cell culturing was equivalent
to the gold standard mouse infectivity assay and should be
considered a practical alternative for assessing oocyst infectiv-
ity and inactivation (32). The use of a continuous cell line
removes the issues related to animal ethics.

A range of methods, including reverse transcriptase PCR
(33), immunofluorescence microscopy (36), and colorimetric in
situ hybridization (32), have been applied for the analysis of
CC infection. These methods are often time-consuming, in-
volving extraction of mRNA or considerable amounts of scan-
ning on a microscope. The advent of “real-time” quantitative
PCR (Q-PCR) offers the prospect of a faster analytical proce-
dure for the detection and quantification of Cryptosporidium
CC infectivity. Q-PCR allows real-time quantitation of PCR
amplicons without the need for electrophoresis and densitom-
etry (19). A Q-PCR assay was recently developed for the as-
sessment of drug efficacy against C. parvum (24) and demon-
strated reproducibility and a high level of sensitivity. In this
study, we present a rapid method that allows quantitation of
the level of infection within a CC. This goal was achieved by
combining standard CC techniques with a Taqman PCR that
allows real-time evaluation of oocyst infectivity. The assay was
tested against a range of disinfection methods, including UV
light, ozone, MIOX, and sodium hypochlorite.
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MATERIALS AND METHODS

C. parvum oocysts. C. parvum cattle isolate (Swiss cattle C26) oocysts were
purchased from U. Ryan, Department of Veterinary and Biomedical Sciences,
Murdoch University, Perth, Australia. Oocysts were passaged through mice as
described by Meloni and Thompson (26) and Hijjawi et al. (20). Oocysts were
stored in sterile phosphate-buffered saline (PBS) supplemented with antibiotic
solution (15 �l/ml) containing ampicillin (10 mg/ml) and lincomycin (4 mg/ml).
All experiments were carried out within 6 weeks after purification of oocysts with
greater than 80% viability, as determined by in vitro excystation (22).

Enumeration of oocysts. Standard counts were determined for all oocyst
stocks. Counts were determined by serial dilution in sterile double-distilled water
(SDDW) and placement of replicate aliquots on polycarbonate black 0.8-�m-
pore-size membrane filters (Osmonics Inc.) by using a Qiavac manifold (Qiagen,
Clifton Hill, Victoria, Australia) fitted with Swinnex filter holders (Millipore) at
a vacuum pressure of 200 mbar (1 bar � 105 Pa). Monoclonal antibody Aus-
FlowCry104 (Macquarie University, Sydney, New South Wales, Australia) was
diluted to a concentration of 6.6 �g/ml in antibody buffer (5% [wt/vol] bovine
serum albumin in Isoton II [Beckman Coulter, Glodesville, New South Wales,
Australia]). An aliquot (100 �l) was applied to oocysts on the membranes and
incubated at room temperature for 15 min. The antibody solution was drawn
through the membranes via a vacuum, and the membranes were washed with
Isoton II solution (250 �l). The membranes were mounted on glass micro-
scope slides with 4 �l of mounting medium (glycerol [nonphotoreactive], 2 ml;
100 mg of DABCO {1,4-diazabicyclo[2,2,2]octane} per ml of SDDW, 2.4 ml; 0.1
M Tris buffer, 4.8 ml; formalin, 0.5 ml; and 5 M NaCl, 0.5 ml) and sealed with
coverslips and clear nail varnish. Entire membranes were scanned and all oocysts
were counted by fluorescence microscopy (Olympus Vanox BX50). All counts
were determined in triplicate.

Disinfection experiments. (i) UV light disinfection experiments. UV light was
applied to aliquots of 10,000 oocysts by using a Starkey UV sterilization cabinet
consisting of two 15-W low-pressure mercury vapor germicidal lamps emitting
nearly monochromatic UV irradiation at 253.7 nm. UV irradiance was measured
with an IL-400A photometer (International Light, Newburyport, Mass.) at the
point of irradiation. Oocysts were diluted in 0.01 M potassium phosphate buffer
(phosphate buffer) from stock buffer (0.1 M; 39 ml of 0.2 M KH2PO4 and 61 ml
of 0.2 M K2HPO4 [pH 7.0], diluted in MQ water to 0.01 M) to a final pH of 7.0.
Aliquots (100 �l) were placed in 25-mm disposable petri dishes (lids off) at 22°C
in a static system, and UV light was applied at various doses from 3 to 1,000
mJ/cm2 (see Table 2).

(ii) Ozone disinfection experiments. Ozonated water was generated on site by
using an Ozat CFS apparatus (Ozonia, Ltd., Duebendorf, Switzerland). The
ozone gas concentration was measured by the indigo trisulfonate method and on
the assumption of a molar absorptivity of 23,150 M�1 cm�1 (9). The ozone
concentration was determined per milliliter of ozonated water and allowed
calculation of the volume required to add the appropriate dose to individual
reaction vessels. The reactors were set up by using 250-ml Schott bottles and 0.01
M phosphate buffer (pH 7.0) (previously described). Experiments were started
by the addition of a suspension of 10,000 oocysts to a reaction vessel. Ozone was
applied at 1.0, 2.0, or 5.0 mg/liter, and the final reactor volume was 200 ml. The
reactors were immediately mixed by inversion (five times) and incubated for 10
min at 22°C. All reactions (including the ozone-free control) were quenched by
using sodium thiosulfate (2 ml of a 1.67% [wt/vol] solution). The suspension was
decanted into a centrifuge tube, the reaction vessel was rinsed with 50 ml of
0.01% Tween 20, and oocysts were pelleted by centrifugation (1,800 � g for 10
min). The majority of the supernatant was discarded, the pellet was resuspended
in the remaining supernatant, and the mixture was transferred to a 10-ml sterile
tube. Samples were centrifuged (10 min at 1,800 � g), the majority of the
supernatant was discarded, and the resuspended pellet was transferred to a
1.5-ml centrifuge tube. Samples were brought to 1 ml with sterile PBS, and an
aliquot (100 �l) was set aside for staining with the antibody solution for enu-
meration by microscopy. The remainder was concentrated by centrifugation
(1,800 � g for 10 min). The majority of the supernatant was removed, and
samples were prepared for the CC-Taqman PCR assay by incubation in acidified
water-trypsin (see description of in vitro culturing and infection of the cell line
below).

(iii) MIOX disinfection experiments. MIOX were generated by using a MIOX
brine pump system (BPS) disinfection unit (MIOX Corp., Albuquerque, N.Mex.).
Brine (NaCl, 11 g/liter) was prepared in a 1-liter Schott bottle wrapped in
aluminum foil 1 h prior to the experiments. The brine solution was passed
through the BPS at a rate of 19 liters/h, 12 V, and 6 A (a function of the brine
concentration). The MIOX solution was collected in a sterile glass bottle from
either the anode flow (MIOXa) or the combined anode and cathode flows

(MIOXac) from the electrochemical cell and stored in the dark until used. Total
oxidants were measured for MIOX as total chlorine by using diethyl-p-phenyl-
enediamine as an indicator (1); the concentration was expressed in milligrams
per liter. Disinfection experiments were carried out with 10-ml reaction vessels
containing 5 ml of oocyst suspension (10,000 oocysts/ml in 0.01 M phosphate
buffer [pH 7.0]). MIOX were applied at a concentration of 2, 5, or 10 mg/liter,
and samples were mixed by brief vortexing and incubated at 22°C for between 1
and 24 h. Aliquots (1 ml) were taken after brief vortexing to resuspend oocysts
and were neutralized with an equal volume of 1% (wt/vol) sodium thiosulfate.
Oocysts were recovered by centrifugation (1,800 � g for 10 min), and the ma-
jority of the supernatant was discarded. The entire sample was prepared for the
CC-PCR assay.

(iv) Sodium hypochlorite. Standard pool chlorine (125 g of total chlorine/liter)
was used as a control sodium hypochlorite mixture. Chlorine was freshly dilut-
ed in sterile MQ water, and total chlorine was determined by using diethyl-p-
phenylenediamine colorimetric titration (1). Aliquots of oocysts (10,000 oocysts/
ml) in 0.01 M phosphate buffer (pH 7.0) were treated with sodium hypochlorite
applied at a total chlorine concentration of 2, 5 or 10 mg/liter and vortexed
immediately. Samples were incubated at 22°C for between 1 and 24 h and
processed by using the method described for MIOX.

In vitro culturing and infection of the cell line. Cells from the HCT-8 (ATCC
CCL244 [American Type Culture Collection]; human ileocecal adenocarcinoma)
cell line were maintained with regular subculturing in RPMI 1640 growth me-
dium with L-glutamine (Sigma-Aldrich Co., Sydney, New South Wales, Australia)
and supplemented with 15 mM HEPES buffer, antibiotics (penicillin G, 100,000
U/liter; streptomycin, 0.1 g/liter), and 10% fetal calf serum adjusted to pH 7.4
(26). HCT-8 cells were incubated at 37°C with 5% (vol/vol) CO2, used to inoc-
ulate 24-well CC trays, and grown for 24 h until monolayers formed. Oocysts
were prepared for cell culturing by incubation in 1 ml of acidified water (pH
2.7)-trypsin (0.025% [wt/vol]) for 20 min at 37°C with mixing by inversion (five
times) every 5 min, centrifugation (10 min at 1,800 � g), and resuspension in 1
ml of maintenance medium. Maintenance medium consisted of RPMI 1640
medium with L-glutamine, 15 mM HEPES buffer, sodium bicarbonate (2 g/liter),
glucose (1.0 g/liter), bovine bile (0.2 g/liter), folic acid (250 �g/liter), 4-amino-
benzoic acid (1 mg/liter), calcium pantothenate (50 �g/liter), ascorbic acid (8,750
�g/liter), penicillin G (100,000 U/liter), streptomycin (100 mg/liter), lincomycin
(40 mg/liter), and gentamicin (50 mg/liter) and adjusted to pH 7.4. Growth
medium was removed from the monolayers by aspiration, prepared oocysts were
applied to the monolayers, and the monolayers were incubated at 37°C in 5%
(vol/vol) CO2 for 48 h. For disinfection experiments, control (untreated) oocysts
were used to determine optimal infection, which was used to calculate log inac-
tivation due to disinfection.

DNA extraction from CCs. Maintenance medium was removed from the wells
by aspiration and discarded, and the infected monolayers were washed three
times with 500 �l of sterile Dulbecco’s PBS (Sigma-Aldrich). Cell monolayers
were harvested in 200 �l of 10 mM Tris–1 mM EDTA buffer (pH 8.0) (15).
Resuspended cells were transferred to microcentrifuge tubes and collected by
centrifugation (10 min at 8,000 � g). The supernatant was removed by aspiration,
and the pellet was rinsed in an aliquot (200 �l) of GeneAmp PCR buffer II
(Applied Biosystems, Melbourne, Australia). Samples were pelleted (10 min at
8,000 � g), and the supernatant was discarded. The pellet was resuspended in 50
�l of InstaGene matrix (Bio-Rad, Regents Park, New South Wales, Australia),
vortexed briefly, and heated at 56°C (10 min) followed by 100°C (20 min). The
sample was centrifuged (17,000 � g) to pellet the InstaGene matrix, and an
aliquot (10 �l) of the supernatant was used in the Taqman PCR assay.

Real-time 18S Taqman PCR assay for detection of infectious C. parvum.
Real-time PCR was performed by using 18Si primers, previously described by
Morgan et al. (27). These primers are specific to the 18S region of Cryptospo-
ridium. The sequence of the Taqman probe was based on the conserved eukary-
otic probe of Amman et al. (2) with the following sequence: 5-�-(6-FAM) ACC
AGA CTT GCC CTC C (TAMRA). The probe was supplied by Genset Singa-
pore Biotech Pty. Ltd., Singapore, Singapore. Reaction conditions were a final
volume of 50 �l containing PCR buffer II (Applied Biosystems), 2.5 U of
Amplitaq Gold (Applied Biosystems), 3.75 mM MgCl2, 0.5 �M each forward and
reverse primers, 400 �M each deoxynucleoside triphosphate, and 0.2 �M Taq-
man probe. An aliquot (10 �l) of the template was used in each reaction. Cycling
parameters were 10 min at 95°C followed by 50 cycles of 20 s at 94°C and 90 s at
60°C on a RotorGene 2000 system (Corbett Research, Mortlake, New South
Wales, Australia). The large number of cycles was used to ensure the detection
of low levels of infection. A signal was acquired either on channel 1 (dual-
channel machine) or on the FAM channel (multichannel machine) (source, 470
nm; detector, 510 nm; gain set to 7). When required, PCR amplicons were
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visualized by UV illumination following electrophoresis in 1% (wt/vol) agarose
gels containing ethidium bromide.

DNA standard preparation for the Taqman PCR assay. DNA standards were
prepared from fresh C. parvum oocysts following standard count determinations.
An aliquot of oocysts (total, 106 oocysts) was incubated in 1 ml of acidified water
(pH 2.7)-trypsin (0.025% [wt/vol]) for 20 min. Samples were centrifuged (10 min
at 10,000 � g), and the supernatant was discarded. The pellet was washed in 100
�l of GeneAmp PCR buffer II and centrifuged for 10 min at 10,000 � g. The
supernatant was discarded, and the pellet was resuspended in SDDW (100 �l).
Samples were taken through five cycles of freezing at �180°C in liquid nitrogen
(1 min) and thawing at 100°C (1 min). Samples were incubated at 100°C for 5 min
and then centrifuged for 1 min at 10,000 � g for collection. Serial dilutions were
made with SDDW, giving a range of standards equivalent to 105 to 10�1 oocysts/
10-�l aliquot. All samples were stored at �20°C until required. All standards
were used at 10 �l per 50-�l PCR.

The inclusion of DNA standards in the real-time PCR enables the generation

of a standard curve (Table 1). This curve shows a line between the given con-
centration and the calculated concentration for the standard series and provides
a line of best fit with the highest correlation. The threshold is optimized by
moving the level to minimize the distance between each of the given and calcu-
lated concentrations. This process allows the quantitation of PCR products in
individual unknown samples monitored on the RotorGene 2000. Calculations
were based on the number of individual sporozoites added to each PCR (based
on an average of four sporozoites per oocyst) for the DNA standards. This
process allows the quantitation of individual life stages in infected cell monolay-
ers. A series of negative controls were used in the assays; these included HCT-8
cells and heat-inactivated oocysts (80°C for 10 min).

Application of the CC-PCR assay to filtering of backwash liquor. The infec-
tivity of C. parvum in filter backwash water (FBWW) was tested to determine the
robustness of the CC-PCR assay. Several samples were obtained from the Hope
Valley Water Treatment Plant (South Australia, Australia). Turbidity was de-
termined to be 81.7 nephelometric turbidity units (ntu) for FBWW and 1.1 ntu
for clarified FBWW (CFBWW). Oocysts (10,000 oocysts/ml) were suspended in
the selected water types and mixed by brief vortexing. Samples (1 ml per aliquot)
were taken and processed as described above. Infections in the different water
types were compared by using the CC-PCR assay.

RESULTS

Microscopic enumeration of oocysts. All oocyst stocks were
enumerated and adjusted as necessary to give equal numbers
of oocysts. Samples were counted in triplicate and gave 100 �
8 oocysts per aliquot when 100 oocysts were expected.

Sensitivity of the Taqman assay. The Taqman assay was
initially assessed with DNA extracted from purified oocysts to
determine the level of sensitivity and evaluate the reliability of
the assay. The results demonstrated that DNA from a single
oocyst (diluted from a DNA extraction of 10 oocysts) could be
detected 100% of the time (10 of 10 samples) (Fig. 1). With the

FIG. 1. Real time PCR log graph of an 18Si Taqman PCR assay conducted with oocyst DNA extracts containing from 100,000 oocysts to a single
oocyst by using the RotorGene 2000. Normalized fluorescence was used to determine the average background for each sample by using the first
five cycles and fluorescence as an indicator for the background level for each sample. All data points were then divided by this value to normalize
the data and were converted to a log scale. The number of PCR cycles is indicated on the x axis. Ct values determined for individual standards
were as follows: 100,000 oocysts, 18.2; 10,000 oocysts, 20.72; 1,000 oocysts, 24.67; 100 oocysts, 29.0; 10 oocysts, 33.5; and 1 oocyst, 41.1.

TABLE 1. Data generated from a standard curve using
with RotorGene2000 systema

Oocyst Concn
CV (%) Ct

Given Calculated

100,000 83,937 16.06 17.34
10,000 11,681 16.81 20.51
1,000 1,026 2.59 24.42

100 108 7.91 28.04
10 10 0.40 31.87
1 1 7.49 35.69

a DNA standards consist of serial dilutions of C. parvum DNA at concentra-
tions of 105 to 10° (one) oocysts. The given concentration is the total number of
oocysts added to the PCR; the calculated concentration is the oocyst concentra-
tion calculated by using RotorGene 2000 software to find a line of best fit. CV,
coefficient of variation. The line of best fit variation. The line determined for the
standards had the following values: R2, 0.99691; slope, �0.259; y intercept, 9.504.
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RotorGene 2000 system, the reliable detection limit of the
single-round PCR assay was found to be a single oocyst when
serial dilutions of DNA extracts were used. When challenged
with the 0.1 oocyst dilution, the PCR was successful for 62.5%
of the reactions (five of eight samples). Detection at this lower
limit was possible because there are 40 copies of the target
rRNA gene in a single oocyst (10 per diploid sporozoite) and
this assay is capable of detecting as few as 4 copies. Thus, low
levels of infection can be detected with this assay.

The Ct value is defined as the cycle number at which am-
plification starts and is proportional to the amount of starting
DNA in the PCR. By setting a threshold line and calculating
the intersection with each of the sample curves, the Ct value
for each sample can be established. The Ct values were 18.2
and 41.1 for 105 oocysts and 1 oocyst, respectively (Fig. 1). A
standard curve was generated by using the data generated for
DNA standards (Fig. 2) and a line of best fit. The HCT-8 cell
extract failed to produce a detectable signal in the PCR, indi-
cating no amplification of the host cell DNA with the 18Si
primers (Fig. 1).

Validation of Taqman assay sensitivity with CCs. The sen-
sitivity of the CC-Taqman PCR assay was assessed by using
C. parvum oocysts taken through the CC process. Monolayers
were seeded with serial dilutions of oocysts from 105 to a single
oocyst. DNA was extracted, and one-fifth of the DNA extract
was used as a template in each real-time PCR. The Taqman
assay could reliably detect infection in the monolayers from an
inoculum of 10 oocysts 93% of the time (14 of 15 samples).
When lower numbers were used, infection was established

20% of the time (3 of 15 samples). These data may reflect the
fact that not all oocysts are infective. Experiments with 10
replicate wells for both untreated and UV-treated (3 mJ/cm2)
oocysts were compared to evaluate the reproducibility of the
CC-Taqman PCR assay. The results demonstrated that the
assay was highly reproducible, with a mean Ct value of 22.35
(standard deviation, �0.178; n � 10) for untreated oocysts.
When UV treatment was performed, the Ct value increased to
27.911 (standard deviation, �2.08; n � 10). This increase in Ct
was due to a decrease in the number of infective oocysts pres-
ent in the sample after UV treatment. There was also an in-
crease in standard deviation with this treatment, most likely
due to the inaccuracies of the UV dose applied to the oocysts.
Heat-inactivated oocysts were included in the CC-Taqman PCR
assay and, when tested, were not detected, indicating success-
ful removal of oocysts that had not undergone excystation and
cell debris from the monolayers before extraction of the DNA.

Validation of water types with the CC-PCR assay. The in-
fectivities of C. parvum in MQ water, FBWW, and CFBWW
samples spiked with 10,000 oocysts/ml were compared by using
the CC-PCR assay (Fig. 3). The presence of contaminants in
FBWW in no way inhibited infection in the CC-PCR assay.
Interestingly, a significant increase in the level of infection
was observed for FBWW compared to both MQ water and
CFBWW when a single-factor analysis of variance was used
(P � 0.00951, F critical (Fcrit) � 5.59166, n � 10, and P �
0.021109, Fcrit � 5.3176, n � 10, respectively). MilliQ (MQ)
water and CFBWW showed no difference in the level of
infection (P � 0.923, Fcrit � 5.5915, n � 10).

FIG. 2. Standard curve for serially diluted Cryptosporidium DNA standards produced by using RotorGene 2000 software.
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Inactivation of C. parvum with disinfectants. (i) UV light
disinfection experiments. UV light successfully inactivated
C. parvum oocysts in CC-Taqman PCR assays. Table 2 shows
the results for CC infectivity assays of C. parvum to determine
inactivation by a range of LP-UV doses. Complete inactivation
was achieved at a UV dose of 1,000 mJ/cm; this dose was
selected to give an absolute end point for the assay. Increased
inactivation was achieved with increasing UV dose. Significant
inactivation of C. parvum oocysts was observed at low doses of
UV ranging from 3 to 30 mJ/cm2, and this result was repro-
ducible, with 3.75 log10 units of inactivation being achieved
with 500 mJ/cm2 (n � 5).

(ii) Ozone disinfection experiments. Figure 4 shows the re-
sults for CC-Taqman PCR infectivity assays of C. parvum to
determine inactivation after disinfection with ozone at doses of
1.0, 2.0, and 5.0 mg/liter for 10 min. Significant inactivation
(1.79 log10 units) was achieved with ozone at 1.0 mg/liter (n �
3). When ozone levels were increased, the CC-Taqman PCR
assay was able to detect up to 3.75 log10 units of inactivation
(the limit of the system, based on oocyst recoveries from re-
action vessels) (Fig. 3). When ozone was applied at 0.2 mg/
liter, no inactivation was observed; this result was due to the
ozone demand of the solution.

(iii) MIOX and sodium hypochlorite disinfection experi-
ments. MIOX and sodium hypochlorite were both shown to be
ineffective in the inactivation of C. parvum oocysts (Fig. 5). The
results showed no significant inactivation of oocysts compared
to untreated controls in the CC-Taqman PCR assay. The log10

inactivation rates observed for the treatments were as follows:
MIOXa, �0.05; MIOXac, �0.004; and sodium hypochlorite,

�0.04. The results for the CC-Taqman PCR assay determined
that MIOX or chlorine used at a dose of 10 mg of total
chlorine/liter for 1 h resulted in less than 0.1 log10 unit of
inactivation. Tests were performed with various concentrations
of total chlorine of up to 5 mg/liter and incubation times of up
to 24 h, with no significant inactivation being detected by this
assay (data not shown).

DISCUSSION

The CC-Taqman PCR assay was demonstrated to be suc-
cessful at assessing the inactivation of C. parvum oocysts fol-
lowing exposure to a range of disinfectants that act on oocysts
in different ways; these included UV light, ozone, chlorine, and
MIOX. The results from the UV studies indicated that the CC
assay is a useful tool for determining oocyst inactivation and,
when combined with the Taqman PCR, allows reliable and
rapid quantitation of the inactivation. Previous studies dem-
onstrated effective inactivation of Cryptosporidium with UV
light; Rochelle et al. (32) showed 1.6 � 0.2 log10 units (mean
� standard deviation) of inactivation in HCT-8 cells at 4 mJ/
cm2. These results compare favorably with the results achieved
in this study. However, the results achieved in this study are
lower than those reported by Craik et al. (13), who showed 2
log10 units of inactivation with 10 mJ/cm2 and 3 log10 units of
inactivation with 25 mJ/cm2.

When inactivation of fresh oocysts was tested with the CC-
Taqman PCR assay, variabilities between experiments and for
replicates within experiments were very small (Ct value [mean
and standard deviation], 21.09 � 0.35). This finding was also
demonstrated when either MIOX or chlorine disinfection was
used (Ct values, 21.64 � 0.299 for MIOXac, 21.91 � 0.308 for
MIOXa, and 22.07 � 0.364 for chlorine). Following UV treat-
ment, the Ct value increased to 26.7 � 1.022. The UV cabinet
used in these experiments was not a quasi-collimated beam
apparatus, and the dose may not have been delivered with the
same accuracy as with a quasi-collimated beam. In addition,
the time required to deliver the lower doses was very short (2
to 5 s for 3 mJ/cm2), much shorter than that used with a
quasi-collimated beam (approximately 30 s for 3 mJ/cm2), and
may not have allowed the lamp to sufficiently warm up due to
the manipulative constraints of the UV cabinet. All other dis-
infection treatments resulted in small standard deviations and
high levels of reproducibility. Reduced effects may also have
been due to shading of oocysts, as the assays were performed

FIG. 3. Measurement of infection with C. parvum in a range of
water types, including MQ, FBWW (81.7 ntu), and CFBWW (1.1 ntu).
Infectivity was measured by using the CC-PCR assay. Error bars indi-
cate standard deviations.

FIG. 4. Inactivation of C. parvum oocysts by ozone in the CC-
Taqman PCR assay (n � 4). Error bars indicate standard deviations.

TABLE 2. Inactivation of C. parvum oocysts by LP-UV (Starkey
cabinet), as determined by the CC-Taqman PCR

UV dose
(mJ/cm2)

Log10 reduction in C. parvum
oocyst infectivity in expt: Avg for

all expts:
1 2 3

0 0 0 0 0
3 1.27 1.28 2.04 1.53
6 1.57 1.59 2.25 1.80

12 1.66 1.79 1.87 1.77
20 2.07 2.2 2.2 2.16
30 1.96 2.4 2.18

500 3.70 3.85 3.69 3.75
1,000 4.0 4.0 4.0 4.0
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in a static system. By incorporation of continuous slow mixing,
the shading effects would be limited.

Ozone inactivation of C. parvum (2.19 log10 units) was
achieved in this study with ozone at 2.0 mg/liter for 10 min.
These results compare favorably with those of Rochelle et al.
(32), who achieved 2.2 log10 units of inactivation with 16 mg/
liter/min in the CC assay. Renneker et al. (30) achieved greater
inactivation (3 log10 units with 7.73 mg/liter/min) with an
ozone-demand-free diluent. The fact that our system did not
incorporate demand-free buffer may account for the discrep-
ancy.

It is well known that sodium hypochlorite is not an effective
disinfectant for Cryptosporidium (oocysts were still infective in
an animal model after exposure to 5.25% chlorine [16]); there-
fore, the lack of inactivation was anticipated. The failure of
MIOXa to inactivate Cryptosporidium was unexpected, as it
was previously demonstrated to be extremely effective at oocyst
inactivation, generating 3.0 log10 units of inactivation at a dose
of 5 mg/liter for 4 h and 4 log10 units of inactivation at a dose
of 5 mg/liter for 8 to 12 h in a mouse infectivity assay (40).
Further reports have indicated that MIOX are effective in
wastewater, achieving 3 log10 units of inactivation with a 90-
min contact time and 10 to 13 mg/liter, although the oxidant
demand was increased (6), and 3 log10 units of inactivation
with 4 mg/liter for 4 h in oxidant-demand-free water. In this
study, a direct comparison between MIOX and sodium hypo-
chlorite showed minimal inactivation at 10 mg/liter after 1 h.
Further experiments were performed with a contact time of up
to 24 h and 10 mg of total chlorine/liter and resulted in less
than 2 log10 units of inactivation for both MIOX and sodium
hypochlorite (data not shown). These results suggest that the
solution produced by the MIOX BPS system is not capable of
inactivating C. parvum, as previously reported. Replication of
the previously published results has proven to be difficult for
the original authors (6, 40; M. Sobsey, personal communica-

tion), suggesting that the results obtained here are valid. This
point is of particular concern, as this technology is being ap-
plied at water treatment facilities for disinfection of Cryptospo-
ridium.

The CC-Taqman PCR assay presented here was demon-
strated to be quantitative, sensitive, and reproducible. It omits
the need for laborious immunofluorescence microscopy or re-
verse transcriptase PCR and allows direct quantitation of DNA
from infected monolayers. The method was demonstrated to
be effective for assessing a range of disinfectants relevant to the
water industry. Our results confirm the efficacy of UV and
ozone as disinfectants and question the use of MIOX as dis-
infectants for Cryptosporidium.
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